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Alternative patterns of neural activity drive different rhythmic
locomotory patterns in both invertebrates and mammals. The
neuro-molecular mechanisms responsible for the expression of
rhythmic behavioral patterns are poorly understood. Here we
show that Caenorhabditis elegans switches between distinct forms
of locomotion, or crawling versus swimming, when transitioning
between solid and liquid environments. These forms of locomotion
are distinguished by distinct kinematics and different underlying
patterns of neuromuscular activity, as determined by in vivo
calcium imaging. The expression of swimming versus crawling
rhythms is regulated by sensory input. In a screen for mutants that
are defective in transitioning between crawl and swim behavior,
we identified unc-79 and unc-80, two mutants known to be
defective in NCA ion channel stabilization. Genetic and behavioral
analyses suggest that the NCA channels enable the transition to
rapid rhythmic behaviors inC. elegans.unc-79,unc-80, and theNCA
channels represent a conserved set of genes critical for behavioral
pattern generation.
neural rhythms  neurogenetics  sodium leak channel
D ifferent forms of rhythmic neural output are ubiquitouslyobserved in motor behaviors such as locomotion, respira-
tion, and feeding (1–4). Extensive research has revealed that a
neural network can switch among alternate rhythms by altering
the properties of specific intrinsic membrane currents and
synapses (5). Consistent with this framework, some proteins
appear to contribute more to the generation of one rhythm than
other rhythms. For instance, channels that carry the persistent
sodium current appear to be important for gasping but not the
normal respiratory rhythm when studied in vitro (6). Physiolog-
ical approaches are sometimes limited when trying to identify
specific proteins involved in certain rhythms, however, because
of the availability and selectivity of compounds that act on the
relevant molecules. With the advent of reverse genetics, these
limitations are beginning to be overcome by knocking out or
modifying specific genes (7, 8), but both pharmacological and
gene manipulation approaches are still limited by the a priori
hypotheses on which molecules to target. In contrast, because
forward genetic studies are unbiased, they can lead to the
identification of novel or uncharacterized proteins that contrib-
ute to rhythmic neural output. We have therefore pursued a
forward genetic approach to identify neural proteins that con-
tribute more to the generation of one form of rhythmic loco-
motion (i.e., swimming) than another (i.e., crawling) in the
nematode Caenorhabditis elegans.
C. elegans moves by generating waves of dorsal-ventral (DV)
bends along its body. Prior genetic studies have focused on the
molecular mechanisms responsible for crawling over a solid agar
substrate (9, 10), whereas the motion C. elegans displays in liquid
has only begun to be characterized (11). Although C. elegans
encounters water in its natural environment (12), it has been
unclear whether its motion in liquid (previously called ‘‘thrash-
ing’’) contributes to a directed form of locomotion better
described as ‘‘swimming’’ and whether this form of motion is
generated by neuromuscular activities distinct from crawling.
Here we show that swimming is distinct from crawling in both
kinematics and pattern of muscle activity. Furthermore, we have
begun to genetically define the molecular mechanisms respon-
sible for the generation of crawling and swimming. We provide
evidence from analysis of sensory mutants that maintenance of
swimming, rather than crawl-like behavior in liquid, requires
sensory input. We then performed a genetic screen to identify a
set of molecules from a recently described putative nematode
cation channel (NCA) (13–16) that is crucial for the swimming
form of locomotion.
Results
Crawling and Swimming Are Characterized by Unique Kinematics. To
compare crawl and swim forms of locomotion inWT animals, we
video-recorded individual worms first as they crawled across an
agar surface, and second as they swam in liquid [supporting
information (SI) Movies S1 and S2]. A time-series of five animal
postures from a complete cycle of crawling and swimming for a
representative individual is shown in Fig. 1A. C. elegans lie on
either their left or right side while DV bends propagate along the
anterior-posterior axis forming distinctive postures. Crawling is
characterized by a persistent S-shaped posture whereas swim-
ming is usually characterized by a C-shaped posture.
We quantified the curvature of the animal’s midline during
crawling and swimming to test whether these forms of motion
differ not only in the frequency of bending, but also in how the
posture changes over time. Curvature analysis highlighted key
differences in crawl and swim kinematics. For crawling, the
worm’s head completes a full cycle of DV bending before a single
bend propagates from head to tail, whereas for swimming, the
bend propagates within the amount of time the head completes
the DV cycle (Fig. 1B). Plots of the curvature of the second most
anterior midline angle (i.e., ‘‘neck’’) also reveal that crawl bends
were deeper and slower in frequency than swim bends (Fig. 1 C
and D). To quantify the common frequencies of bending during
crawl and swim, we performed a power spectrum analysis of the
neck curvature (Fig. 1D). A single peak in bend frequencies was
observed at 0.8 Hz for crawl and at 2.1 Hz for swim. Thus,
swimming is not merely a faster version of crawling; rather, crawl
and swim have kinematics that are quantitatively distinct in
frequency, amplitude, and propagation of DV bends.
Swimming Is a Directed Form of Locomotion for C. elegans. Prior
studies have referred to C. elegans motion in liquid as an
undirected thrashing. We hypothesized that C. elegans may
instead use swimming to direct its motion in an attractive
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gradient. A droplet containing a group of animals was placed on
a smooth, level field of agar that contained a gradient of sodium
chloride (Fig. 2A). Within seconds, animals accumulated on the
attractive side (at 10 sec, 74%  4%; t9  8.35, P  0.0001; Fig.
2C) while separate groups of control animals swam randomly
(Fig. 2 B and C). Therefore, C. elegans can use swimming as an
efficient way to ‘‘chemotax’’ in liquid, which may be important
in its natural environment.
Distinct Muscle Activation Patterns Underlie Crawling and Swimming.
From simple observation of C. elegans, one cannot firmly
distinguish between differences in motion caused by forces
exerted by the muscles versus motion caused by reactionary
elastic and frictional forces. To address this issue, we looked
directly at muscle activity in individual unrestrained crawling and
swimming worms by recording calcium transients in body wall
muscles of whole animals using cameleon.
Our imaging results demonstrate that crawling and swimming
are generated by distinct patterns of muscle activity. Fig. 3 A and
B show representative muscle activity with the corresponding
curvature per body side for both crawling and swimming worms,
21.510.50 Phase
A
P
n = 134
21.510.50 Phase
A
P
n = 40
C D
mi
wS
l
warC
wild type
-50
0
50
35302520151050
Time (sec)
D
V
-50
0
50
35
302520151050
D
V
mi
wS
l
warC
1 sec
+40
-40
0
Curvature
D
V
B
D
V
10:esahP 0.50.25 0.75
l
warC
Time (sec): 0 0.37 0.73 1.10 1.47
A
P
D
V
mi
wS
Time (sec): 0 0.1 0.2 0.3 0.4 A
P
A
6x104
5
4
3
2
1
0
re
w
oP
3210
Frequency (Hz)
3x105
2
1
0
re
w
oP
3210
(degrees)
A
P
A
P
Fig. 1. Crawling and swimming are characterized by distinct kinematics. (A)
Video frames of the sameWTanimal crawling and swimming. Time and phase
of the DV head-bend cycle are indicated below each frame. DV cycle start is
definedas themoment thehead turnsdorsal.Note that thebodyalways forms
a C-like shape immediately before this turn. Curvature columns (Right) rep-
resent curvature for each of the 11 angles along the examplemidlines aligned
anterior to posterior (A, P). Example angles are matched by arrows. (B) Crawl
and swimcurvaturematrices for aWT individual.Average curvaturematrix for
DV head-bend cycles are shown (Right) with number of averaged cycles
indicated above. (C) Plots of neck curvature versus time for the same individ-
ual. Plots of average power versus frequency of neck curvature across indi-
viduals (D). Individual traces are indicated by gray lines. Bars represent SEM.
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Fig. 2. Swimming as a directed form of locomotion for C. elegans. Photos of
groups of WT animals swimming in a puddle dropped over agar containing
either a salt gradient (A) or no gradient (B). Cross-section layout of the agar
assay plates and liquid drops below. (C) Average percent of individuals on
attractive side versus time for animals in gradient or control assays. Bars
represent SEM.
P
F
C/
P
F
Y
er
utavr
u
C
Dorsal side Ventral side
P
F
C/
P
F
Y
er
utavr
u
C
R
C
A
L
W
MI
W
S
0.5 sec
0
-60
+60
D
V
0.8
1.3
A
P
A
P
A
P
A
P
A
B
vulva
Dorsal side Ventral side
0.5 sec
vulva
0
-60
+60
D
V
0.5
0.85
Fig. 3. Crawling and swimming are generated by distinct patterns of muscle
activity. (A and B) Muscle activity of opposing dorsal and ventral muscle
quadrants in a crawling (A) and swimming (B) animals. Plots of intensity ratio
(YFP/CFP) for cameleon in body-wall muscle along anterior-posterior axis
versus time shown above. Corresponding curvature matrices for dorsal and
ventral body sides shown below. Note that areas of peak muscle activity
(contour lines) for dorsal side generally coincide with or slightly precede
corresponding areas of dorsal curvature (green/blue) whereas areas of peak
muscle activity for ventral side coincidewithor slightly precede corresponding
areas of ventral curvature (yellow/red). Positions on anteroposterior axis with
no observed ratio change are a result of absence of expression of cameleon
extra-chromosomal array. Color key for intensity ratio is shown (Right). Ver-
tical black lines distinguish head bend cycles. Slanted/dashed lines correspond
to end of one cycle of ventral muscle activity and highlight the rapid propa-
gation of ventralmuscle activity for swimming versus crawlingwith respect to
DVheadbending. Color key for body-side curvaturematrices uses blue-green-
yellow-red color scheme to contrast with body-midline curvature matrices,
which use blue-white-red color scheme in other figures.
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respectively. The body-side curvature matrices (Bottom, Fig. 3 A
and B) are similar to midline-curvature matrices obtained by
video alone in frequency and pattern of waveform propagation
(Fig. 1B). The different patterns of activation of opposing dorsal
and ventral muscles (dotted areas, Top, Fig. 3 A and B) precede
or coincide with the different patterns of body bending to the
dorsal and ventral sides (corresponding dotted areas, Bottom,
Fig. 3 A and B). The distinct patterns of muscle activity for crawl
and swim are especially apparent when comparing ventral
muscle activity. Consistent with the different kinematics in Fig.
1, ventral muscle activity propagates backward much faster for
swimming than crawling with respect to the DV head bending
(compare dashed lines in Fig. 3A vs. Fig. 3B). Hence, body bends
reflect muscle activity, and the different patterns of body
bending for swim and crawl are produced primarily by distinct
patterns of contractions of the body muscles.
Sensory Neurons Regulate the Expression of Swimming Versus Crawl-
ing. We tested whether sensory input influences the selection of
a crawl versus swim motor pattern by examining the che-3
mutant. This mutant is defective in the development of all
ciliated sensory neurons (17). We found that che-3 mutants
crawled with normal amplitude and propagation of DV bends,
but displayed a slightly lower frequency of bending (Fig. 4 A–C;
Movie S3). By contrast, in liquid, che-3 mutants displayed
periods of normal swim behavior in alternation with periods of
crawl-like behavior (Fig. 4 A–C and Movie S4). The change
between the two locomotory patterns was abrupt, such that the
entire animal moved with either a swim or crawl-like pattern and
not with a mixture of the two patterns. A curvature matrix from
a representative individual is shown in Fig. 4A and the corre-
sponding neck curvature is shown in Fig. 4B. At first, the animal
moved with normal swim frequency and amplitude, but later
switched to a crawl-like frequency, amplitude, and pattern of
propagation. Crawl-like kinematics were reflected in an average
curvature matrix for this che-3 individual that clearly resembled
a WT crawl matrix rather than a WT swim matrix (Fig. 1B and
Fig. 4A). This phenotype was also reflected in a bimodal
distribution in the average bend frequency histogram. One peak
aligned with the peak crawl frequency for che-3, and a second
peak aligned near the peak swim frequency for WT (Fig. 4C).
Analysis of mutants with defects in different subsets of ciliated
sensory neurons revealed less severe defects in swim behavior
than che-3 (Fig. S1). These mutants often displayed a pattern of
motion that appeared to be a mixture between normal swim and
crawl-like patterns. For example, the osm-3 mutant displays a
normal swim frequency but a crawl-like amplitude in liquid (Fig.
S1). Assuming that che-3 and osm-3 function solely in sensory
neurons, our results suggest that the correct expression of the
appropriate motor program inC. elegans depends on inputs from
multiple ciliated sensory neurons.
The observation that sensory mutants can move with crawl-
like motion in liquid prompted us to reinvestigate whether WT
worms could ever exhibit the same behavior. Although WT
animals always moved with C-shaped kinematics during the first
minute while swimming, rare transient bouts of crawl-like be-
havior can sometimes be observed after WT animals have been
in liquid for extended periods (60–75 min; Fig. S2). This is
consistent with the conclusion that the physical forces impinging
on the animal by the liquid environment do not dictate the usual
C-shaped kinematics generally observed in WT swimming.
Genetic Screen for Mutants Defective in Transitioning from Crawl to
Swim. If crawling and swimming are controlled by distinct
patterns of neuromuscular activity, there may be other genes that
are preferentially involved in swimming, and/or in the transition
between crawl and swim. Therefore, we completed a genetic
screen for mutants capable of normal crawling but incapable of
normal swimming. We found more than 40 mutants that exhib-
ited little or no defect in crawling, but showed a grossly abnormal
pattern of swim activity (Swim abnormal [Swa] phenotype).
Each Swa mutant could be classified by the type of swim defect;
however, we found only one Swa mutant class that became
paralyzed upon immersion in liquid. All three mutants in this
class shared a potentially related ‘‘fainter’’ phenotype when
crawling. Fainter mutants crawl well for long distances but
inexplicably stop or ‘‘faint,’’ remaining immobile for a period before
re-initiating movement (18). Fainting was robustly elicited during
crawling escape responses to mechanical stimulation and always
occurred after spontaneous attempts at backward crawling. Two of
these alleles corresponded to unc-79, whereas the third corre-
sponded to unc-80. We did not detect any gross abnormality in
neuronal cell body position, neuronal processes, or fasciculation in
these strains (data not shown), suggesting that these mutations do
not interfere with nervous system development.
Both unc-79 and unc-80 were recently cloned and found to
encode large novel proteins with a single orthologues conserved
in flies and mammals (13, 15) (Fig. S3C). We obtained trans-
formation rescue of the unc-80 locomotion phenotypes with the
predicted unc-80ORF and 2.7-kb promoter region (Fig. 5 D and
E). Analysis for potential motifs revealed that UNC-79 and
UNC-80 predicted proteins share a central armadillo motif that
may be important in protein-protein binding interactions (Fig.
S3C) (19, 20). We compared the expression pattern of unc-79
with unc-80 by expressing GFP driven by 2.7-kb promoter
regions for each gene. Fluorescence patterns overlapped
throughout the nervous system (Fig. S3D), suggesting that
UNC-79 and UNC-80 proteins may function together in the
same neurons.
We quantitatively compared the crawling and swimming of
fainter mutants with that ofWT animals. Both unc-79 and unc-80
single mutants, as well as the unc-79;unc-80 double mutant,
displayed identical phenotypes. Fainter mutants crawled forward
with a slightly slower frequency, amplitude, and propagation of
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Fig. 4. Sensory regulation of the expression of crawling and swimming. (A)
Crawl and swim curvaturematrices for a che-3mutant. Two panels are shown
for ‘‘Swim’’ to demonstrate switch between nearly normal swimming (Left)
and crawl-like motion (Right). Average curvature matrix for DV head-bend
cycles are shown (Right). (B) Plots of neck curvature versus time for the same
individual. Example of swim curvature demonstrates a switch from normal
swim to crawl-like motion even though the animal remains in liquid. (C) Plots
of average power versus frequency of neck curvature across individuals. *P
0.05 with Tukey test of multiple comparison. Arrowhead indicates extra peak
in the che-3 mutant distribution. Bars represent SEM.
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bends compared with WT animals, but with an otherwise well
coordinated waveform reflected in curvature matrices that
resembled muted versions of the WT matrix (Fig. 5A and Movie
S5). Whereas WT animals moved continuously upon immersion,
fainter mutants ceased movement in less than 1 sec after a single
DV bend was passed from tail to head (Fig. 5B and F andMovies
S2 and S6). The speed and pattern of the single propagated DV
bend was normal (Fig. 5 B and D). During the immobile state,
animals maintained a fixed posture from several seconds to more
than 30 seconds (Fig. 5B). Fainter mutants never generated a
normal pattern of swimming and frequently repeated the im-
mobile behavior described earlier.
The fainter phenotype has been attributed to lack of a novel
class of NCA-type ion channel because the nca-1;nca-2 double
mutant shares the fainter phenotype and unc-79 and unc-80
mutants have undetectable levels of NCA-1 and NCA-2 ion
channels (16). The mammalian NCA channel orthologue
(NALCN) has recently been functionally characterized as a
sodium ‘‘leak’’ channel that acts to raise resting potential greater
than the equilibrium potential for potassium (14). We found that
the reported expression patterns of nca-1 and nca-2 genes
overlap with our expression patterns for both unc-79 and unc-80
genes in the cholinergic motor neurons in the nerve cord. We
also found that the nca-1;nca-2 double mutant is capable of
crawling for long periods (Fig. 5A), but faints during swimming
and crawl escape responses (Fig. 5 B and C). Previously, the
nca-1 and nca-2 single mutants were reported to display normal
crawling (13). We found, however, that both mutants displayed
short-duration fainting episodes during crawling and swimming
(Fig. 5 A and B). These data suggest that unc-79, unc-80, nca-1,
and nca-2 function together (i.e., ‘‘NCA pathway’’) to regulate
the transition from slow to rapid forms of locomotion.
The rapid paralytic response exhibited by the NCA pathway
mutants in liquid was remarkable given that even major synaptic
and calcium channel mutants that are all severely defective in
crawling move immediately and repetitively upon immersion in
liquid (e.g., synaptotagmin snt-1, synaptojanin unc-26, and volt-
age-gated calcium channel mutants unc-2 (i.e., P/Q type) and
egl-19 (i.e., L type; Fig. 5B) (21–23). Individuals from each
mutant group displayed defective swimming, characterized by
various degrees of slow bend frequency and irregular waveform,
but they still passed multiple complete DV bends along the body
in liquid (Fig. 5 B, D, and E). This defect is opposite in character
to unc-79 and unc-80, in which a single waveform propagates
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with normal speed and coordination, but no recognizable swim-
ming rhythm is established. Together these results suggest that
the fainter phenotype cannot be explained by a general defect in
synaptic function or neuron excitability.
We next sought to determine whether there is a relationship
between fainting while swimming and fainting while crawling.
Upon mechanical stimulation to the head, WT animals rapidly
reverse direction. WT animals invariably propagated multiple
bends along their body before usually (80% of the time; n  30)
turning with a ventral omega-shaped bend to move away from
the stimulus (Fig. 5 C–E). By contrast, fainter mutants move
backward normally by passing exactly one DV bend from tail to
head before abruptly stopping (Fig. 5 C–E). Several crawl-
defective mutants displayed escape responses similar to WT in
that they also passed multiple DV bends (albeit slowly) along the
body and often completed an omega bend (Fig. 5C–E). Thus, for
both crawl and swim fainter phenotypes, NCA pathway mutants
freeze their posture after a single DV bend propagates rapidly
along the body in an attempt to switch from a slower to a faster
form of locomotion.
How does the initial DV body bend propagate during rapid
locomotion in the absence of the NCA pathway? Rapid initiation
of rhythmic pumping of the C. elegans pharyngeal muscle relies
on the transient T-type calcium channel (24). We hypothesized
that the initial rapid propagation of a DV bend may similarly
depend on the T-type calcium channel CCA-1 in NCA pathway
mutants. Consistent with this hypothesis, we found that, al-
though cca-1 single mutants displayed normal swimming (Fig.
5B), cca-1;unc-79 and cca-1;unc-80 double mutants showed
spontaneous faint-like behavior after a DV bend propagated
only one fourth to one half of the body length during attempts
at swimming and escape crawling (Fig. 5 B and C). These data
suggest that the NCA and T-type channels are functionally
redundant for initiating rapid forms of locomotion.
Last, we noticed that, although cca-1 single mutants displayed
well coordinated crawling with only slightly deeper bends and
slower frequency in comparison withWT (Fig. 5A), cca-1;unc-79
and cca-1;unc-80 double mutant animals displayed a severe
defect in crawling that was not shared with either of the single
mutant parent strains (Fig. 5A). The defective crawling resem-
bled repeated episodes of faint-like behavior described earlier
whereby the mutants never propagated a DV bend along the
whole body length. Overall, these results support a model in
which the T-type channel enables propagation of DV bends for
both slow (i.e., crawling) and rapid (i.e., swimming) forms of
locomotion in the absence of NCA-type channel function.
Discussion
Through kinematic analysis, we have found that C. elegans has
two fundamental forms of locomotion: crawling and swimming.
The observation that worms can move robustly toward an
attractant even while submersed in liquid suggests that C. elegans
may have adapted to prosper in wet environments such as in a
damp soil matrix or associated with carrier species such as snails
(12). Because C. elegans lives near the liquid/air interface, it may
have adapted mechanisms to rapidly switch between distinct
kinematics for efficient locomotion in both conditions.
C. elegans experiences a range of different physical forces in
dry versus liquid environments. We propose that the animal
senses some of these forces to ‘‘decide’’ to move with a certain
pattern, whereas some forces passively constrain the pattern of
movement regardless of whether the animal can sense them. Our
calcium imaging results indicate that, despite these differences in
environmental forces, the pattern of muscle activity can explain
the S- and C-shaped body kinematics displayed in crawling and
swimming.
Studying crawl and swim forms of locomotion in C. elegans
addresses how transitions between different rhythmic patterns
are mediated by the nervous system. An analogous approach of
studying the choice between crawling and swimming in the leech
has proven useful to understand how identified neurons partic-
ipate in this complex task in vitro (25, 26). In C. elegans we can
study the genetic regulation of the crawl/swim choice in vivo.
Unlike in WT animals, the gross sensory mutant che-3 displayed
abrupt switching between bouts of swim and crawl-like motion
in liquid. The discontinuous nature of the locomotory phenotype
lends support to the idea that crawl and swim forms of locomo-
tion represent discrete behaviors rather than a single behavior in
which the kinematics change in a continuous manner. Future
studies will elucidate how different sensory pathways contribute
to the normal expression of the swimming pattern.
The NCA-deficient mutants were the only mutants from our
screen that displayed transient paralysis after immersion in
liquid. The paralytic defect in swimming displayed by NCA-
deficient mutants cannot be explained by general defects in
neuronal excitability, synaptic function, or development because
the fainting phenotype was not observed in mutants defective in
voltage-gated calcium channels or major synaptic proteins. In-
stead, the conserved genes that comprise the NCA pathway
(unc-79, unc-80, and nca-type) represent a key set of molecules
that function in the transition to rapid neuromuscular rhythms.
Only recently has the identity and role of the NCA-type
sodium ‘‘leak’’ channel (i.e., NALCN) been described in mam-
mals (14). Interestingly, NALCN-KO mice show no obvious
defect in neuronal development, but die shortly after birth as a
result of an abnormal respiratory rhythm (14). unc-79-KO mice
also display post-embryonic lethality without obvious develop-
mental defects (27). The Drosophila NCA-type channel mutant
na is reported to walk with faint-like ‘‘hesitations’’ (13). Al-
though we cannot rule out roles for the NCA pathway in subtle
aspects of development, data among laboratories suggest a
conserved role in the generation of rhythmic behaviors.
UNC-79 and UNC-80 were recently found necessary for
stability of NCA-type channels in C. elegans and in Drosophila
species (13, 15, 16). mRNA of the unc-80 orthologue is reported
to be enriched in neural tissue in bothmouse and human (28, 29).
Our promoter analysis suggests that unc-79 and unc-80 are
co-expressed in neurons, consistent with the overlapping neural
expression of their mouse orthologues (28). UNC-79 was also
found to stabilize expression of UNC-80 and vice versa in
C. elegans (16). Thus, UNC-79 and UNC-80 might function
together in the nervous system in mammals as well as in
invertebrates.
The T-type calcium channel appears to have both singular and
synergistic roles in crawling. By itself, the T-type channel is
required for normal bend amplitude and frequency. More
importantly, in combination with the NCA-type channels, the
T-type channel is crucial to maintain DV bend propagation in
crawling. Although it is currently unclear how the T-type channel
achieves these roles, we speculate that the roles for the T-type
channel in crawling and swimming may be attributed to its fast
inactivation (10 to 50 ms) and slow recovery (400 ms)
kinetics (24, 30). This combination might make it well ‘‘tuned’’
to participate as a rebound current in ventral cordmotor neurons
to sustain slow rhythmic locomotion (crawl quarter cycle 625
ms), but perhaps preclude it from recovering in time to partic-
ipate significantly in sustaining rapid rhythmic locomotion
(quarter cycles for crawl escape250 ms and swim100 ms). By
contrast, NCA-type channels, which do not inactivate (14), may
work synergistically in motor neurons with the T-type channel
during slow rhythmic behavior, but then take a leading role in the
rebound potential during rapid rhythmic behaviors. Although
‘‘leak’’ currents are not typically thought of as ‘‘rebound’’
currents, they can contribute significantly to rebound membrane
potential of rhythmic neurons and muscles following hyperpo-
larization (31, 32). Therefore, NCA-type and T-type channels
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may also work together to sustain specific rhythmic patterns in
higher organisms.
Materials and Methods
Video Analysis. Individual young adult C. elegans were video-recorded blind
to genotype (1 min, 30 frames/sec, 344 pixels/mm) as they moved over nem-
atode growth medium (NGM) agar plate (6-cm diameter) covered with (i.e.,
swim) or without (i.e., crawl) 3 ml NGM buffer. For escape crawl condition, a
worm was transferred to an NGM plate and recorded while prodded quickly
on the side of theheadwith aplatinumwire. Animalmidlines (13 points)were
derived with a custom image analysis algorithm (ImagePro; Media Cybernet-
ics). The series of 11 angles formed by the midline was represented in a
color-coded ‘‘curvature column’’ (Fig. 1A). A time series of curvature columns
formed a ‘‘curvature matrix’’ (e.g., Fig. 1B) in which blue and red stripes
represent the waves of dorsal and ventral curvature, respectively, passing
along the body. Curvaturematrices were divided into head-bend cycles based
on curvature of the most anterior row in the curvature matrix. Curvature
column values were divided into 10 bins evenly distributed across each DV
cycle to average across DV cycles weighted by duration (e.g., Fig. 1B, Right).
Power spectrum of ‘‘neck’’ curvature was analyzed with IgorPro (Wave Met-
rics). Chemotaxis in liquid assay and specific strains are described in SI Mate-
rials and Methods.
Muscle Imaging. To image calcium transients in muscles of unrestrained mov-
ing worms, we used the strain kyEx302, which harbored an extra-chromo-
somal array expressing YC2 under themyo-3 promoter specific tomuscles (see
SI Materials and Methods).
Swim-Abnormal Screen. Swamutantswereobtainedbyplacing the F2progeny
of EMS-mutagenized worms on one side of an NGM agar plate (6-cm diame-
ter). Individuals that crawled to bacteria on the opposite side within 20 min
were transferred toNGMliquid, and those thatdisplayedabnormal swimming
in the first 5 min were selected. Mutant alleles were outcrossed four times.
Cloning of unc-80 and gfp-promotor fusion experiments are detailed in SI
Materials and Methods.
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